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INTRODUCTION
Glucose is the primary source of energy for the mammalian brain. Its transport into neuronal cells is predominantly mediated by the glucose transporter GLUT3 (gene name SLC2A3), a member of the family of facilitative sugar transporters. This family comprises 14 transport facilitators (GLUT1-12, GLUT14
and HMIT1) which differ in their tissue distribution, substrate specificity and kinetics of transport (20, 43) . By sequence similarities, the GLUT-family is divided into three classes (20); the class I family member GLUT3 exhibits a high affinity to glucose (K m = 1.8 mM), and is predominantly expressed in brain and testis, and during embryogenesis (46) .
GLUT3 has been detected by immunohistochemistry and in-situ
hybridization in pre-and postsynaptic membranes of most brain areas including hippocampus, cortex, thalamus, hypothalamus, striatum, hypophisis cerebri, corpus amygdaloideum, truncus encephali, cerebellum and medulla spinalis (5, 16, 24, 32, 33, 38, 41) . Some of these regions are involved in learning and memory (4, 35) as well as behavioral traits such as anxiety (10), hyperactivity (3) and exploration (19) . In addition, since GLUT3 is also expressed in hypothalamic nuclei, the transporter could be involved in the hypothalamic sensing of glucose, and in the regulation of feeding behavior. Other GLUT isotypes such as GLUT1, 2, 4 and 8 are, if at all, only weakly expressed in hypothalamic cells (2, 25) .
The consequences of a reduced transport of glucose across the blood brain barrier have intensively been studied previously. Heterozygous mutations or hemizygosity of the SLC2A1 (GLUT1) gene in humans causes the GLUT1 deficiency syndrome (GLUT1DS) characterized by infantile seizures, developmental delay, acquired microcephaly and hypoglycorrhachia (6, 11, 50) .
Mice with GLUT1-haploinsufficiency exhibited impaired motor activity and coordination, microencephaly, and frequent seizures (51) . Thus, based on the assumption that GLUT3 is the predominant carrier of energy substrate into neurons, we anticipated Slc2a3 +/-mice to show a similar syndrome.
Homozygous inactivation of Slc2a3 results in lethality of early postimplanted embryos (14) by apoptosis of ectodermal cells at day 6.5 (44) . More recently, Ganguly and Devaskar (15) reported a moderate, late onsetting adiposity of male Slc2a3 +/-mice which was associated with a decline in basal metabolic rate and insulin sensitivity. In the present study, we investigated the role of GLUT3 in neuronal function, and report a detailed characterization of Slc2a3 +/-mice with regard to EEG activity, behavioral parameters, and feeding behavior.
MATERIAL AND METHODS

Inactivation of the Slc2a3 gene
In order to generate a Slc2a3 knockout mouse, we used the gene trap ES cell clone XG611 (Bay Genomics, San Francisco, USA) (48) as previously described (44) 
Western blot analysis
Total membranes were prepared as described previously (1) (with between-subject factor genotype and within-subject factor session). A P-value smaller than 0.05 (p<0.05) was considered significant.
Analysis of body composition
Body composition (fat and lean mass) was measured by NMR with a Bruker
Minispec instrument (Echo Medical Systems, Houston, TX, USA). Conscious mice were placed in the applied static magnetic field for 0.9 min.
Analysis of serum parameters
Blood glucose levels and plasma insulin were analyzed as previously described (8) .
Rectal body temperature
Rectal body temperature in wild-type and Slc2a3 +/-mice was measured with a signal conditioner (ML312 T-type Pod) in combination with a rectal probe for mice (MLT1404; AD Instruments GmbH, Spechbach, Germany) when mice were resting.
Analysis of the data was performed with the program Chart version 3.4.8.
Locomotor and running wheel activity
Locomotor activity was monitored with an infrared detector (TSE InfraMotActivity System, TSE, Bad Homburg, Germany) as described previously (21). The voluntary activity was recorded with an automated running wheel system (TSE) as described previously (21). Slc2a3 +/+ and Slc2a3 +/-mice at the age of 8 weeks were adapted for 3 days to the type III Macrolon cages or to the running wheels, and data were then collected for 3 days. The animals had free access to the running wheels as well as to food and water. The system recorded each quarter-revolution of the wheel, and data were expressed as total number of revolutions per 10 minutes.
Feeding behavior
Food intake was recorded with an automated drinking and feeding monitor system (TSE), consisting of macrolon type III cages equipped with baskets connected to weight sensors. The baskets contained high-fat diet pellets and were freely accessible to the mice. Mice were habituated to the test cages for 4 d before trials, and the measurement period lasted 24 h after a 16 h fasting period. Recorded data were analyzed as food intake per body mass.
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Astrocytes were serum-and glucose-deprived for 3 hours in 2 ml Krebs Ringer Expression of GLUT1 was approximately 20% lower than that of GLUT3, expression of GLUT4 and GLUT8 was about 10% of that of GLUT1, whereas GLUT2 expression was almost undetectable (Fig. 3A) . Similarly, quantitative real-time PCR experiments indicated that GLUT3 is the most abundant glucose transporter isoform in testis, and that no other glucose transporters was upregulated in compensation of the disruption of Slc2a3 (Fig. 3B ).
EEG recordings of Slc2a3 +/-mice
The electrographic features of the GLUT3 heterozygous disruption were examined by electroencephalographic recordings of freely moving mice, performed (Table 1 ). In addition, no change in time spent in the outfield or corner was observed (Table 1 ). In the shuttle box paradigm, Slc2a3 +/-mice learned the active-avoidance task. No significant alterations in the number of conditioned avoidance reactions were detected on all test days ( Table 1) .
The elevated plus maze (27) and the light-dark avoidance test (9) were performed as paradigms indicative of the anxiety level. In the elevated plus maze,
Slc2a3
+/-mice showed trends towards spending more time in the closed compartment, suggesting an anxious behavior (Fig. 5A) . Furthermore, the light-dark avoidance test revealed that Slc2a3 +/-mice showed initially a trend to an increased latency to enter the dark compartment, whereas the control groups displayed smaller latencies (Fig. 5B) . The latency to enter the dark compartment was strongly reduced 4 weeks later when exposed at the second time to the test situation, indicating long term memory for the test situation. In addition, Slc2a3 +/-mice displayed a greater tendency to stay in the illuminated area than their littermates (Fig. 5C ).
Hippocampal deficits are often reflected by reduced performance and an altered search strategy in the Morris water maze (37) . We subjected Slc2a3 +/-mice and wild-type littermates to an intensive training. However, both groups acquired the task similarly as indicated by the reduction in swim path length (Fig. 5D ). The acoustic startle response is an unconditioned reflex to an intense noise stimulus. As shown in Fig. 5E , the magnitude of the acoustic startle response in Slc2a3 +/-mice was significantly higher (F (1,12) = 6.097 , p=0.0295). Repeated measures of the prepulse inhibition of the startle response indicated significant differences between for Slc2a3 +/-mice in comparison to wild-type mice (Fig. 5F ). However, the inhibition curves at higher prepulse intensities (82 -94 dB) were similar. Taken together, despite high expression of GLUT3 in many regions of the brain (41), reflexes, motor abilities and other behaviors such as anxiety, locomotor activity, learning and memory were generally normal.
Body weight development and feeding behavior of Slc2a3 +/-mice
Figures 6A and 6B illustrate the body weight development in heterozygous male mice fed a standard diet (SD; containing 15% of total calories from fat) and a high-fat diet (HFD; containing 60% of total calories from fat). Until the age of 12 weeks, both genotypes showed a progressive body weight gain with no differences in body weight or body fat content ( Supplementary Fig. 1 ) on both a standard (Fig. 6A) and a high-fat diet (Fig. 6B ). In addition, no differences in plasma glucose or insulin levels were observed (Fig. 6C, 6D , Supplementary Fig. 2 ). Furthermore, no differences in triglyceride, free fatty acid, and cholesterol concentrations were observed between wild-type and Slc2a3 +/-mice ( Table 2) .
Since it was conceivable that individual parameters of energy balance were altered in opposite directions, we determined food intake, body temperature and locomotor activity. Again, no differences were observed between Slc2a3 +/+ and Slc2a3 +/-mice in food intake after a 16 h fasting period (Fig. 7A ), body temperature (Fig. 7B ) or locomotor activity in the home cage and voluntary activity in the running wheel (Fig. 7C ). In addition, we studied food intake under conditions challenging the central glucose sensing system: 2-deoxygluose or D-glucose were injected icv and food intake was monitored subsequently for 3 h. As shown in Fig. 7D , application of 2-deoxyglucose resulted in a marked increase in food intake in comparison to saline injected control mice, whereas icv injection of D-glucose into 16 h fasted mice suppressed refeeding. However, no differences in food intake were detected between Slc2a3 +/+ and Slc2a3 +/-mice (Fig. 7D) (Fig. 9A ). In addition, identical protein levels of MCT4, the major monocarboxyl transporter in astrocytes (46), were found in total membranes of brains from Slc2a3 +/+ and Slc2a3 +/-mice (Fig. 9B ). Furthermore, we tested the possibility that glycogen is an alternative fuel source in the brain of Slc2a3 +/-mice (7). However, glycogen levels were below detection limit in brain samples from both genotypes. In addition, mRNA levels of enzymes involved in glycogen metabolism (glycogen synthases Gsk1 and Gsk2 and glycogen phosphorylases Pygb and Pygm) were identical in both genotypes ( Supplementary   Fig. 3 ).
We finally isolated astrocytes from the brain of wild-type and Slc2a3 +/-mice and measured glucose transport and lactate production. As shown in Fig. 9C , astrocytes of Slc2a3 +/-mice exhibit the same basal transport activity and the same rate of lactate production as those of Slc2a3 +/+ mice.
DISCUSSION
The present data indicate that deletion of one allele of Slc2a3 results in a 50%
reduction of GLUT3 protein expression in brain, and in a moderate increase in basal cerebrocortical EEG activity, and in a slightly enhanced response to a startle stimulus. These findings are consistent with the conclusion that GLUT3 is involved in the maintenance of energy supply in neurons. The cellular consequence of a reduction in substrate supply would, at least in part, mimic a hypoglycaemia. In fact, hypoglycaemia has been shown to cause significant EEG alterations (49) which were due to release of excitatory neurotransmitters from presynaptic terminals (52 (Fig. 9A, B) . Another compensatory mechanism to maintain neuronal glucose metabolism in mice with a partial ablation of GLUT3 could occur via the upregulation of enzymes such as hexokinase. Thereby the efficiency of energy production from a small amount of glucose supplied to the brain (Fig. 5D ).
Therefore, glucose sensing is fully normal when GLUT3 expression is reduced by 50%.
Recently, Ganguly and Devaskar (15) have described late onsetting adiposity in Slc2a3 +/-males starting at the age of 9-11 months. Consistent with our results, no difference in body weight was observed at earlier time points. It is unlikely that the late onsetting obesity is due to an altered hypothalamic glucose sensing; such a mechanism should produce differences in body weight at earlier time points. Rather, the authors speculate that limited fetal glucose supply in the Slc2a3 +/-mice is responsible for a late onsetting reduction in basal metabolic rate and obesity (15).
In summary, our data indicate that, in contrast to Slc2a1, a single allele of Slc2a3 is sufficient for maintenance of neuronal energy supply, motor abilities, learning and memory, and feeding behavior. Power spectral density, indicated for the delta (0.5-4 Hz), theta (4-8 Hz), alpha (8) (9) (10) (11) (12) Hz), beta (12-30 Hz) and gamma (30-100 Hz) frequencies, was calculated by FFT for a 14 day-period (averaged to 12 h-daylight and 12 h-darkness period). In the 12 h- (unpaired student's t test). Food preference was monitored of 9 Slc2a3 +/+ and 11 Slc2a3 +/-males for 34 days.
Three weeks old mice had access to two different diets, a carbohydrate/protein (68% and 20%, respectively) and a fat/protein (68% and 20%, respectively) diet. Caloric intake was recorded every second day. Relative expression (normalized for controls) Figure 9 
